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Introduction
Conversion of single-species plantations of Norway spruce (Picea abies (L.) Karst.) to mixedspecies stands is one type of restoration practice currently being used. Nevertheless, Norway spruce remains commercially important tree species, but the condition for its rational cultivation is the creation of forest stands differentiated by age and tree species, with its adequate proportion. Sustainable forestry can be achieved by measures such as conversion of parts of the widespread coniferous plantations into areas with more natural broadleaved species (Löf et al. 2004 ), underplantings of monocultures or natural regeneration of mixed and differentiated stands. Thereby, mainly common beech (Fagus sylvatica L.) and other shade tolerant broadleaved tree species will be introduced to the stands. The conversion will primarily be achieved by removing single target diameter trees and creating small gaps (Heinrichs, Schmidt 2009) .
It is widely recognized that shade tolerance is not an unchangeable attribute of a tree species (Coomes, Grubb 2000) . For the very concept of shade tolerance, there is no uniquely satisfactory definition because of negative correlation between rate of growth and rate of survival in deep shade. In general, the light demands of the majority of tree species are growing with increasing age. At the same time, the more extreme is the site in terms of watter and nutrient supply, the higher are tree's demands on light.
For the practice of silviculture this means that in the case of nutrient-poor sites the period of shading should be adequately reduced (Burschel, Huss 1997) .
Therefore, the optimal regulation of density in Norway spruce overstorey represents the most important factor for the successful development of realised underplatings. Canopy closure is one of the stand attributes that can be most easily manipulated by silvicultural measures (Löf et al. 2007 ). Changes in canopy closure can modify the light conditions in stand interior in a very different level. The changes in light transmission are very complicated because light penetration in mature spruce stand is affected not only by canopy form, stand height, crown ratios and needle mass but also by terrain conditions such as slope, aspect etc.
Currently, the methods are available that can quantify the amount of light (PAR) under the stand canopy with reasonable accuracy. The method based on the use of hemispherical photographs (Evans, Coombe 1959 , Chazdon, Field, 1987 , Dohrenbusch 1994 , Wagner 1994 , Promis et al, 2012 , Gonsamo 2010 provides reliable information about the basic parameters of the relative irradiation in stand interior. One of the outputs, the indirect site factor (ISF), is according to Ishida, Peters (1998) better predictor of shoot extension rates as direct (DSF) and total site factor (TSF), although ISF is rather minor component of radiation.
The aim of this study is to assess the impact of the relative light intensity and its components on height growth of beech and fir underplantings in the Forest District Paráč (the Oravské Beskydy Mts.). Another objective is to derive the relationships between relative light and basic stand characteristics that are used in forestry practice to describe the stand density and thus indirectly also the light conditions in stand interior.
Materials and methods
The object of the research was a 110 years old pure Norway spruce forest stand located in physiographic region of the Oravské Beskydy Mts. (northern Slovakia) in 850-900 m a.s.l. The annual amount of precipitation in the last decade is 1120 mm and mean temperature is 4.6 ºC. The parent rock is flysch with dominance of sandstones, the soil type is gleyic cambisol.
The stand examined in this study can be described as Fagetum abietinum and Fagetum abietinopiceosum (i.e. 9110 Luzulo-Fagetum in system of Natura 2000). In the case of natural tree species composition, spruce would represent only a small portion of stand growing stock. At present, the proportion of spruce in studied stand is nearly 94 %, beech reaches 2.7 % and fir 2.6 % of the growing stock 450-470 m 3 .ha -1 . The stand is at the end of rotation and its regeneration is planned by 60 % as artificial and 40 % as natural regeneration. The tree species composition in future stand should consist of 60 % spruce, 20 % fir and 20 % beech. Artificial regeneration is mainly done by dug-hole method or to a lesser extent by bar-slit method (beech).
Because spruce is an important and desirable commercial tree species, the goal is to preserve it in the stands but at the same time to stabilize the stands by increasing the proportion of fir and beech. In this situation, it was a good solution to use the beech and fir underplantings in groups combined with natural regeneration of spruce emerging as a consequence of successive target diameter harvesting of overstorey trees. The studied stand has been systematically underplanted since the 1990s. Height of the oldest underplantings currently reaches approximately 4 m while the youngest underplantings (the subject of this study) have a maximum height of 1.5 m. Because of their height and spacing, these younger underplantings do not form a compact stand layer and the underplantings of different age are spatially separated.
We studied three stand types: pure spruce stand with natural regeneration of spruce (ps), pure spruce stand with beech underplanting (b/s) and pure spruce stand with fir underplanting (f/s). In year 2012, 9 circular research plots with the radius of 12.5 m (500 m 2 ) were established in the surveyed stand. Three plots were positioned to capture beech underplantings, another three plots captured fir underplantings with the condition of no browsing damage since 2007. The last 3 plots were placed in spruce stand with pure natural regeneration of spruce (ps) with the height up to 1 m. Common for all studied plots was the spruce proportion in overstorey above 90 % and uniform underplanting density in the entire area.
In each sample plot the polar coordinates of the positions for all overstorey trees were recorded. On each overstorey stem we measured following characteristics: height, crown base height, diameter at breast height (dbh) and crown width in two perpendicular directions. These data were used for the calculation of basal area and canopy closure (Tab. 1).
In each plot we randomly selected 5 sample points, where the relative light and the parameters of regeneration individuals (underplanted or from natural regeneration) were registered. Light conditions were assessed by the use of hemispherical photographs for each point, above the tree top, taken in standard overcast conditions at the 7th August 2012. Photographs were processed with WinScanopy software (Regent Instruments, CA). We used a Mid-O--Mount 10 MP version of WinScanopy software and grey scale based pixel classification (so called global threshold). The threshold value was set automatically. Output variables that were in the following used to characterize the light environment were: direct (DSF), indirect (ISF) and total (TSF) site factors. Direct site factor (DSF) is the proportion of direct solar irradiation at a given point relative to that in the open. Indirect site factor or diffuse site factor (ISF) is the proportion of diffuse solar irradiation and total site factor (TSF) or global site factor is the proportion of global solar irradiation at a given point relative to that in the open. TSF is calculated as the sum of both the direct and diffuse site factor, weighted by their contribution to the photon flux density.
In the immediate neighbourhood of each sample point we measured for five nearest regeneration individuals (underplanted or from natural regeneration) the following parameters: tree height, height increments of the last 3 years, lateral increment of the last year and crown width in two perpendicular directions. Apical dominance ratio (ADR) was calculated as a ratio of height increment to the length of lateral shoot of the last year. Relative growth ratio (RGR) was calculated as a ratio of height increment to sapling height (Szymura 2005) .
Results and discussion
The values of relative irradiance parameters in particular plots (Tab. 2) are relatively low, if we consider that the sample plots are located in commercial forest with advanced phase of regeneration. The light conditions are homogeneous within the plots, however, the plots with fir underplantings receive significantly less light. Values of openness are not correlated with site factors, but there are significant correlations between the site factors. High degree of correlation between the ISF and DSF for temperate forests with the coefficient of determination higher than 0.80 was reported by Ishida, Peters (1998) . Parent, Messier (1996) consider instantaneous measurements of indirect site factor for suitable predictor of total irradiance exactly due to existing strong correlation between TSF and ISF within a given forest type.
Relationship between the parameters of relative light and basic characteristics of parent stand density (basal area, stem number) was analyzed by the method of linear correlation and regression analysis. As the type and character of the following stand generation have no influence on these relationships, all partial plots were evaluated together (Tab. 3).
Basal area is significantly correlated only with openness and ISF. We found no significant relationships in other cases and therefore relevant relationships between stem number and any parameter of relative irradiance or between basal area and DSF and TSF were not confirmed. Relationship between stand density, expressed by basal area, stem number, growing stock, canopy cover or by some more complex indicator and DSF is mainly in open stands often very weak, precisely because DSF is highly influenced by Moreover, mentioned variables do not take into account the mutual positions of tree crowns or the do it only minimally. The use of dendrometric indicators of stand density is more difficult and less accurate for shade-bearing tree species with the ability to rapid expansion of their lateral shoots into emerging canopy gaps (Dohrenbusch 1989) . However, in the case of light-demanding tree species with higher level of transmitted light a stronger correlation between stand density and direct radiation can be expected. The cause of the weak correlation between TSF and stand density is the fact that regarding PPFD the direct light has a significantly larger share on the total irradiance as indirect light (Chazdon, Field 1987) . The best growing tree species of subsequent stand generation is beech. At the same age it reaches more than twofold height compared to spruce. Similarly, regarding the height increment the growth of beech is most intense. Though spruce saplings originate from natural regeneration, the height growth of spruce is the significantly weakest (Tab. 4). At the same time, the research plots with spruce natural regeneration have on average the lowest overstorey density regarding stem number and basal area and a comparable sum of crown projections. Comparable values of RGR (5-10 %) for spruce and fir natural regeneration in selection forests were reported by Diaci, Firm (2011 ), Duc (1991 , or Klopcic, Boncina (2010) .
For conifers (spruce, fir), the values of apical dominance ratio (ADR) are below 1, i.e. they form umbrella shape crowns. Crown architecture of beech saplings represents a transition between umbrella shape and conical crown. Despite the prevailing umbrella shape crowns, fir has the highest relative growth ratio.
Response of subsequent stand generation of most our tree species to increasing light intensity is positive. Increased irradiation leads to more intensive growth of natural regeneration or trees located in the lower stand layers (Vencurik 2004 (Vencurik , 2007 . According to Vencurik (2006) height increment of spruce and fir in selection forests depends only on the light conditions and not on the side competition of neighbouring trees.
Relationships between particular parameters of relative irradiance and growth parameters of underplantings or natural regeneration of spruce are similar to those of relative irradiance parameters and dendrometric characteristics of overstorey (Fig. 1) . ISF is more closely correlated with all studied variables in the case of underplanted tree species (beech and fir). Height increment of beech in 2012 had the strongest relationship to ISF among all examined variables (r = 0.632*). Relative growth ratio is not correlated to any parameter of relative light (ISF, DSF or TSF) in the case of both conifers, however the 
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analysis confirmed a positive relationship between RGR and diffuse light for beech. Underplanted tree species show higher correlations than natural regeneration of spruce at their similar height. At the same time, the plots with natural regeneration of spruce are comparable to those of beech regarding the light conditions (Tab. 2). Despite significantly lower light intensity, fir reaches the increments comparable to beech, and also their relationship to the parameters of relative light is significant.
Crown architecture (umbrella shape) of spruce do not change significantly with increasing light. On the contrary, reaction of beech and fir is significant and with increasing light intensity their crowns change from umbrella shape to conical crown.
Conclusions
In conclusion, the intensity of light under the parent stand is influenced by crown canopy structure of overstorey. However, particular components of irradiation are impacted to various extent and it was confirmed that density of parent stand expressed by its basal area or by sum of crown projections impacts especially the quantity of diffuse component. Direct light under the canopy is strongly modified also by other variables and therefore its prediction based only on production characteristics of overstorey is extremely inaccurate or even impossible.
Basal area can be used as the predictor of diffuse light that is moreover the most strongly correlated with height increment and apical dominance ratio of subsequent stand generation. Besides the strength of correlation, in the case of underplanted tree species is important also the high influence of diffuse light on the height increment.
While the given light conditions are sufficient for the growth of underplantings, for the spruce natural regeneration is this light intensity insufficient. On the other hand, these light conditions make possible to reach the goal that is the reintroduction of fir and beech into monocultures of spruce, moreover at the maximum utilization of value production of parent stand. The more intensive decreasing of overstorey density would cause the higher light intensity in stand interior and thus very likely rapid growth of spontaneous and abundant natural regeneration of spruce. 
